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We explore the impact of Lorentz violation on the inflationary scenario. More precisely, we study 
the inflationary scenario in the scalar-vector-tensor theory where the vector is constrained to be 
unit and time like. It turns out that the Lorentz violating vector affects the dynamics of the chaotic 
inflationary model and divides the inflationary stage into two parts; the Lorentz violating stage and 
the standard slow roll stage. We show that the universe is expanding as an exact de Sitter spacetime 
in the Lorentz violating stage although the inflaton field is rolling down the potential. Much more 
interestingly, we find exact Lorentz violating inflationary solutions in the absence of the inflaton 
potential. In this case, the inflation is completely associated with the Lorentz violation. We also 
mention some consequences of Lorentz violating inflation which can be tested by observations. 



PACS numbers: 98.80.Cq, 98.80.Hw 



I. INTRODUCTION 

The Lorentz invariance has been considered as the 
most fundamental symmetry of physics. However, as far 
as we know, any symmetry is not realized exactly or spon- 
taneously broken. Hence, it is important to investigate 
a possibility of violation of Lorentz invariance. In fact, 
the observation of high energy cosmic rays reports super 
GZK events though it needs further confirmation [ll|j,|^- 
This may suggests the Lorentz violation [J, |^. Theo- 
retically, any quantum theory of gravity requires drastic 
modification of the picture of space-time at the Planck 
scale Q . Some of them yields the Lorentz violation [3 . 

The impact of Lorentz violation on physics should be 
broad. Even in the cosmology, there are many subjects 
which should be reconsidered. For example, the dark 
matter and the dark energy problem, the inflation, the 
baryogenesis, cosmic rays, and so on [alSlllOl- Here, we 
shall concentrate on the inflationary scenario. 

Typically, the Lorentz violation yields the preferred 
frame. In the case of the standard model of particles, 
there are strong constraints on the existence of the pre- 
ferred frame [ij. In contrast, there is no reason to refuse 
the preferred frame in cosmology. Rather, there is a natu- 
ral preferred frame which is defined by cosmic microwave 
background radiation (CMB). Therefore, there is room 
to consider the gravitational theory which allows the pre- 
ferred frame. The purpose of this paper is to clarify what 
occurs in inflationary stage when we allow the preferred 
frame from the beginning. It turns out that there is a 
chance to detect the evidence of the Lorentz violation 
through the observation of the cosmic microwave back- 
ground radiation and the primordial gravitational waves. 
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When we talk about the Lorentz violation, we have to 
specify the model somehow. Recently, various types of 
theory of gravity with the Lorentz violation are proposed. 
One is the ghost condensation model which has a non- 
conventional kinetic term. In the stable vacuum, the ki- 
netic term has the expectation value. Hence, the Lorentz 
invariance is violated spontaneously [I3, [l3i HJI- This 
violation mechanism is an interesting possibility. The 
inflationary scenario in the gho st condensation was also 
investigated in this context [l5j . Another interesting one 
is brane model [la . IitI llq . From the string theoretical 
point of view, the braneworld picture seems to be natural. 
Hence, it is important to examine the Lorentz violation 
in the braneworld. Of course, there are other interesting 
models. 

In this paper, we will consider the spontaneous break- 
ing of Lorentz symmetry due to a vector fleld |19J | . When 
this vector field couples to the gravity, we obtain the 
Lorentz violating theory of gravity, the so-called Einstein- 
Ather theory [23|. Interestingly, this theory has a wide 
parameter region where all of current experiments and 
observations can be explained [23, |22, Hj, |2J|- When 
we consider the cosmology, parameters could depend on 
time. The time evolution of parameters can be regarded 
as a consequence of the dynamics of a scalar field. Thus, 
a natural generalization of the Einstein- Ather theory is 
the scalar- vector-tensor theory of gravity with a timelike 
unit vector field. 

Recently, Lim has studied the inflationary scenario in 
the context of the Einstein- Ather theory [23. In this 
paper, we will reconsider the inflationary scenario based 
on the Lorentz violating scalar-vector-tensor theory of 
gravity. In particular, the coupling between the inflaton 
and the Lorentz violating vector is incorporated in our 
model. Our primary concern is how the Lorentz violation 
can affect the inflationary scenario when we include this 
coupling. First, we show how the chaotic inflationary 
scenario is affected by the Lorentz violation. In the con- 



ventional theory of gravity, there is a power law inflation 
model which is an exact solution with the exponential 
potential. Hence, it is legitimate to seek for exact so- 
lutions also in the Lorentz violating scalar-vector-tensor 
theory of gravity. Indeed, wc find the three kind of exact 
solutions in the absence of the inflaton potential. Wc also 
discuss the observability of Lorentz violation. 

The organization of this paper is the following: in sec 
II, we introduce the scalar- vector-tensor theory where the 
Lorentz symmetry is spontaneously broken due to the 
unit-norm vector field. In sec. Ill, we study Lorentz 
violating chaotic infiation. In sec. IV, we examine the 
model without the infiaton potential and find the exact 
inflationary solutions. In sec. V, the cosmological ten- 
sor perturbations arc discussed. Final section is devoted 
to the conclusion. In the Appendix, we demonstrate the 
alignment of two preferred frames, namely, the cosmo- 
logical and the vector frame. 



II. LORENTZ VIOLATING 
SCALAR- VECTOR-TENSOR THEORY 

In this section, we present our model with which we 
discuss the inflationary scenario. 

We assume there exists the Lorentz symmetry but it is 
spontaneously broken by getting the expectation values 
of a vector field u^ as 



< 0|u^u^|0 >= 



-1 



(1) 



The mechanism which gives this expectation value is dis- 
cussed in Ref. [3. Here, we have chosen time- like ex- 
pectation value for the reason explained in Ref. |2a |. 
Nambu-Goldstone modes can be represented by 



v/T~^ 



(i,V') , 



(2) 



where rp is a spatial vector field. Now, the action for 
the Nambu-Goldstone boson in the curved spacetime be- 
comes 



term. The resultant theory is called Einstein-Ather or 
vector-tensor theory. Here, we adopt the latter name. 
Remarkably, this vector-tensor theory is in agreement 
with current experiments as far as certain relations of 
parameters hold t21. 22. 23. :24|. 

We will consider the inflationary scenario in this 
Lorentz violating gravity. Now, it is possible that the 
inflaton couples to the vector in the following way 



S 



S 






where f3i are arbitrary parameters. Here we have take 
into account the expectation value by just adopting it as 
a constraint 



= -1. 



(4) 



Thanks to the constraint, this is the most general low en- 
ergy action which has derivatives up to the second order. 
Note that we take u'^ as the dimensionless vector. Hence, 
each Pi has dimension of mass squared. In other words, 
^/]3i gives the mass scale of symmetry breakdown. 

It is straightforward to couple this Nambu-Goldstone 
modes to gravity by just adding the Einstein-Hilbert 



d^x. 



1 



-,R^/3ii^)V''u-'V^u, 



16nG 



+AK7.^ + l)-i(V0)'-y(0) 



(5) 



where we have chosen the Einstein frame. Since Pi at 
present can be different from Pi in the very early universe, 
we do not have any constraint on Pi in the inflationary 
stage. Of course, ultimately. Pi have to approach the 
observationally allowed values at present. 

In our setup, the preferred frame is selected by the 
constrained vector field u'^ which violates Lorentz sym- 
metry. In cosmology, there also exists a natural preferred 
frame, the so-called CMB rest frame. As is shown in the 
Appendix, these two frames are the same practically. In 
this sense, we could have a degeneracy which has not been 
recognized so far. Once we notice this degeneracy, it is 
clear that a natural framework to describe the inflation- 
ary universe is the Lorentz violating scalar-vector-tensor 
theory of gravity in the sense of (5). 

If Pi = 0, the action (5) is reduced to the conventional 
one. In that case, we have the chaotic inflation for a 
generic potential V. For the exponential potential, we 
have the exact power law inflation. Once we switched 
on Pi, the Lorentz violating vector affects the inflaton 
dynamics. Hence, our flrst concern is how the Lorentz 
violation modifles the picture of the chaotic inflationary 
scenario. Our second aim is to flnd the exact inflation- 
ary scenario with the Lorentz violation. Interestingly, 
we flnd the exact solutions in the absence of the inflaton 
potential. 



III. LORENTZ VIOLATING CHAOTIC 
INFLATION 

Now, let us consider the chaotic inflationary scenario 
and clarify to what extent the Lorentz violating vector 
affects the inflationary scenario. 

In principle, the preferred frame determined by the 
vector u^ can be different from the CMB rest frame. 
However, alignment of these frames had been achieved 
during the cosmic expansion as is explained in the Ap- 
pendix. Therefore, let us consider the homogeneous and 
isotropic spacetime 



ds-" 



-NHt)de 



2"(*)%dxMx^ 



(6) 



where we have included the lapse function Af. The scale 
of the universe is determined by a. Due to the constraint, 
we have to take 



'^- ';^, 0,0,0 



S = / d^ie^" 



^ (1 + 8nG/3) a' + ^^^ - AAV(0) 



• dQ da _ I da 
da dt dt 

Then, the equations of motion are (we set A/" 
taking the variation) 
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, 



8^G/3((^,) = 1 



/3 = C'^2 



2 ^ 



^7tGp{(p) 



(7) 



Notice that the spatial isotropy does not allow spatial 
components of u^ . Given these, we can calculate neces- 
sary quantities, for example, V^w^ = a/JVdf and other 
components vanish. Now, we obtain the action 



(8) 



where /3(0) = f3i + 3/32 + ^3- Note that f34 does not 
contribute to the background dynamics. One might think 
the reduced action (8) looks like non-minimally coupled 
scalar field |27i,i2^]. However, the structure of equations 
of motion is quite different. In particular, the feature of 
perturbations is completely different. 

Now, let us deduce the equations of motion. First, we 
define the dimensionless derivative Q' by 



(9) 
1 after 

(10) 

(11) 
(12) 



where /3_0 denotes the derivative with respect to (j). We 
have taken _ff = d as an independent variable. As is usual 
with gravity, these three equations are not independent. 
Usually, the second one is regarded as a redundant equa- 
tion. 

The above equation changes its property at the critical 
value 4>c defined by 



(13) 



When we consider the inflationary scenario, we usually 
require the enough e-folding number, say N = 70. Let ({){ 
be the corresponding initial value of the scalar field. If 
(pc > 4>i, the effect of Lorentz violation on the inflation- 
ary scenario would be negligible. However, if (pc < (pi, 
the standard scenario should be modified (see Fig.l). It 
depends on the models. To make the discussion more 
specific, we choose the model 



(14) 



where ^ and m are parameters. For this model, we have 

^c = ^ . (15) 




FIG. 1: There is a critical point where the coupling between 
the Lorentz violating vector and the inflaton becomes ineffec- 
tive. 



As (j>i ~ 3Mpi approximately in the standard case, the 
condition (pi > (p,, implies the criterion ^ > l/(727r) r^ 
1/226 for the Lorentz violation to be relevant to the in- 
flation. For other models, the similar criterion can be 
easily obtained. 

Now, we suppose the Lorentz violation is relevant and 
analyze the two regimes separately. 



A. Lorentz violating stage 

For a sufficiently larger value of p, both the coupling 
function (3 and the potential function V are important in 
the model (14). During this period, the effect of Lorentz 
violation on the inflaton dynamics must be large. In the 
Lorentz violating regime, SttGP 3> 1, we have 



H' 



H' 



1 

3/3 
1 



1 



-H 



2 J,'2 



V 



P' 



^ + ^(P" + ^ = 



H 



2/3 



P 



H' .. . ,, y^ 



To have the inflation, we impose the condition 



H'^cp'^ < V 



(16) 
(17) 
(18) 

(19) 



as the slow roll condition. Consequently, Eq.(16) is re- 
duced to 



H' 



3/3 



V 



(20) 



Using Eq.(20), the slow roll condition (19) can be written 
as 



(/)''< /3 



(21) 



Now, we also impose the condition H' /H <C 1 as the 
quasi-de Sitter condition. Then, Eq.(17) gives us the 
condition 

/3' < /? . (22) 

We also require the standard condition 

(f)" < 0' . (23) 

Thus, we have the slow roll equations (20) and 



3W 



+ (3,4, = . 



(24) 



For our example (14), we can easily solve Eqs.(20) and 
(24) as 



= </).e-4«" 



(25) 



For this solution to satisfy slow roll conditions (21)^(23), 
we need ^ < 1/16. Thus, we have the range 1/226 < ^ < 
1/16 of the parameter for which the Lorentz violating 
inflation is relevant. Note that, in our model (14), the 
Hubble parameter (20) becomes constant 



H' = ^ 



6e ' 



(26) 



even though the inflaton is rolling down the potential. 
This is a consequence of Lorentz violation. 



C. e-folding number 

Now it is easy to calculate e-folding number. Let (j>i be 
the value of the scalar field corresponding to the e-folding 
number A'^ = 70. The total e-folding number reads 



AT 1 1 '^i 



2txG\ 



(34) 



where (^f, ^ 0.3Mpj is the value of scalar field at the 
end of inflation. Note that the first term arises from the 
Lorentz violating stage. As an example, let us take the 
value ^ — 10^^. Then, 0c ~ 2Mp/. The contribution 
from the inflation end is negligible. Therefore, we get 
0i - 12Mp/. 

In this simple example, the coupling to the Lorentz 
violating sector disappears after the reheating. Hence, 
the subsequent homogeneous dynamics of the universe is 
the same as that of Lorentz invariant theory of gravity. 
However, it is possible to add some constants to /?i, which 
are consistent with the current experiments. In that case, 
the effect of the Lorentz violation is still relevant to the 
subsequent history. 

So far, we have considered a special model where the 
coupling /3 has the same power as the potential V . It 
is straightforward to extend our consideration to more 
general cases. 



B. Standard slow roll stage 

After the inflaton crosses the critical value (/)c, the dy- 
namics is governed entirely by the potential V . In the 
standard slow roll regime SirGP ^ 1, we have 



rr2 SttG 

"^ 3 


^H'r+v 




(27) 


f ' + 4^G(/.'2 - 
H 


(28) 


A" , ^' aJ 


^30' + -^ = 





(29) 



The following arguments are standard. The usual slow 
roll conditions give the slow roll equations 



H' 



SttG 



3iJ2 



V 



. 



(30) 
(31) 



In the simplest case V = ^rn^^^, the evolution of the 
inflaton can be solved as 



0^(0:) = (j)l- 



(32) 



27rG ■ 
The scale factor a(t) ~ e" can be also obtained as 

a(t) ==exp[27rG(0^-</.2(t))] . (33) 

The standard inflation stage ends and the reheating com- 
mences when the slow roll conditions violate. 



IV. LORENTZ VIOLATING INFLATION 
WITHOUT POTENTIAL 

In this section, we will investigate the purely Lorentz 
violating inflationary model. 



A. Exact Solutions 

It is interesting to observe that we have the inflation 
even in the case V = 0. In this case, Eqs. (10)^(12) reads 



1 



6/3 



H' 1 ,2 /3' 
Id 



(35) 
(36) 
(37) 



where we have defined the variable P = (3 + 1/{8ttG). 
Substituting Eq.(35) into Eq.(36), we have 



{[3Hy + 3(3H = 



(38) 



It yields /3i/ ex e^^a^ 

The condition for the accerelating universe a > is 
now 






> -1 



(39) 



Using Eqs.(35) and (36), we can reduce the condition 
(39) to 

(log/3)' < -2 . (40) 

As the scalar is rolling down, Eq.(35) can be solved as 
(f)' — dip /da = —y&p. Thus, finally, we obtain the con- 
dition for /3 as 



(41) 



Let us consider an exactly solvable model, /3 = ^0^ . In 
this simplest case, the condition (41) yields ^ > 1/6. we 
can solve Eq.(35) as 




ex e 



-VBfa 



Therefore, we have 



H oc e-"/P , p = ^—= 

3 - 2^M 



(42) 



(43) 



There are three cases to be considered, i.e., i) 1/6 < ^ < 

3/8 , ii) C = 3/8 , iii) 3/8 < ^ . 

i) 1/6 < C < 3/8 

In this case, p > 0. Hence, it is easy to solve Eq.(43) 

(44) 



-a/p 



as 



(45) 



a{t) ^tP , p>l 
This is a power law inflation. 

ii) e = 3/8 



In this case, 1/p — 0. This is nothing but the de Sitter 
solution 

a{t) - e"* . (46) 

The Hubble constant should be determined by the ini- 
tial condition. Although the spacetime itself is de Sitter, 
the scalar field shows the non-trivial time evolution (42). 
Therefore, it is interesting to calculate the curvature per- 
turbations in this model. 



iii) 3/8 <C 

In this case, p = ~\p\ < 0. Hence, the solution becomes 

a{t) - (-t)-IPl , t < . (47) 

Thus, this solution represents the super-inflationary uni- 
verse. This kind of universe encounters the singularity in 
the future (at i = 0). It is possible to resolve this singu- 
larity by addin g th e term appeared in the string 1-loop 
corrections ^3 123 • It is also important to stud y if the 
behavior of perturbations also similar or not |3lL l32| . 



B. Inflationary scenario 

In the absence of the inflaton potential, we have ob- 
tained exact solutions , i.e., the power law inflation, the 
de Sitter inflation, and the super-inflation . If we slightly 
modify /3, the inflation will end when the condition (41) 
violates. Note that, when the scalar varies from </>,; to (/)e, 
the e-folding number of the universe can be calculated as 



N = 



1 



1 Yi 

log — 



(48) 



We expect that the reheating would occur during the 
oscillation phase. It should be stressed that the above 
inflations are completely associated with the Lorentz vi- 
olation. 



V. EVOLUTION OF TENSOR 
PERTURBATIONS 

Needless to say, it needs to study the evolution of cos- 
mological perturbations. Due to the Lorentz violation, 
the velocity of the gravitational waves are different from 
the velocity of the light. This and the non-trivial coupling 
functions Pi would cause interesting consequence on the 
spectrum of tensor, vector and scalar perturbations. In 
particular, the vector perturbations are intriguing since 
there are no vector perturbations in the Lorentz invari- 
ant inflationary scenario. However, as the calculation is 
very complicated, we leave the complete analysis for fu- 
ture publication. Instead, here, we discuss the simplest 
case, namely tensor perturbations. Even in this case, we 
can make some interesting predictions. 

The tensor part of perturbations can be described by 



ds' 



-df + a^{t) {Si-i + hij {t, x')) dx'dx^ , (49) 



where the perturbation satisfy h^i = 
quadratic part of the action is given by 



h..j 
III J 



S 



d^x- 



16nG 



ikjh"-^ 



1 

4^ 



^ij,k 



h'^-' 



0. The 



(50) 



where we have defined 



7 = l-167rG(/3i+/33) 



(51) 



Apparently, the velocity of the gravitational waves is not 
1. To have the real velocity, we have to impose 7 > 0. 
Hence, we assume Pi and P3 are constant. 

In the case of chaotic inflation model, the Hubble pa- 
rameter is constant (26) during Lorentz violating stage. 
The spectrum is completely fiat although the inflaton is 
rolling down the potential. This is a clear prediction of 
the Lorentz violating chaotic inflation. 

This same result applies to the exact de Sitter inflation 
model without the potential. In the case of the power 
law and the super inflation models, the spectrum of the 
primordial gravitational waves are tilted. 



VI. CONCLUSION 
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We have examined the impact of Lorentz violation on 
the inflationary scenario. As a specific model, we have 
considered the spontaneous violation of the Lorentz sym- 
metry due to the vector field. More specifically, we have 
investigated scalar-vector-tensor theory of gravity where 
the vector is constrained to be unit and time-like. 

First, we have examined the chaotic inflationary sce- 
nario and found that the Lorentz violation modifies the 
dynamics of the inflaton for a certain parameter region 
in our model. We have shown that the inflationary stage 
breaks into two parts; the Lorentz violating stage and the 
standard slow roll stage. We found that the universe is 
expanding as an exact de Sitter spacetime in the Lorentz 
violating stage although the inflaton field is rolling down 
the potential. Moreover, we have calculated the c-folding 
number by taking into account the above modification 
and shown that we can get enough e-folding number. 

In this paper, we have considered the simplest case 
f] r^ V ^ (jp. In other cases, for instance, (3 ^ (j)^ and 
V ^ (jy^ , the Hubble parameter H increases during the 
Lorentz violating stage. In the standard slow roll stage, 
the Hubble parameter H decreases. Therfore, we can 
easily generate the spectrum with the initial (steep) blue 
spectrum and the later (slightly) red spectrum. This may 
explain the deficiency of the CMB power spectrum at 
large scales observed by WMAP 33]. 

We have also shown that the inflation can be realized 
without the inflaton potential. Depending on the value 
of the parameter ^, we have obtained exact solutions, 
i.e. the power law inflation, de Sitter inflation, and the 
super inflation. Interestingly, even in the exact de Sit- 
ter case, the dynamics of the scalar field turns out to be 
non-trivial. In all cases, the inflation ends when the cou- 
pling function /3 is slightly modified from exactly solvable 
case. These exactly solvable models are important to un- 
derstand the evolution of cosmological perturbations in 
the Lorentz violating theory of gravity. 

To discuss the observability of the effect of Lorentz vio- 
lation, we calculated the tensor perturbations and found 
the extremely flat spectrum although the inflaton rolls 
down the potential in the case of the chaotic inflation 
model. This same result applies to the exact de Sitter 
inflation model without the potential. This is a clear 
prediction of Lorentz violating inflation model. 

It would be interesting to study the evolution of fluc- 
tuation completely. If the vector modes of perturbations 
can survive till the last scattering surface, they leave the 
remnant of the Lorentz violation on the CMB polariza- 
tion spectrum. It is also intriguing to seek for a rela- 
tion to the large scale anomaly discovered in CMB by 
WMAP ,24 i-35, 36, 37]. The calculation of the curva- 
ture perturbation is much more complicated. However, it 
must reveal more interesting phenomena due to Lorentz 
violating inflation. The tensor-scalar ratio of the power 
spectrum would be also interesting. These are now under 
investigation jSg. 
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APPENDIX A: ALIGNMENT OF PREFERRED 
FRAMES 

Here, we would like to show the alignment of two 
frames, the CMB rest frame and the frame determined 
by u^ , will occur during the cosmological evolution. For 
simplicity, we ignore the scalar fleld, instead we add the 
cosmological constant term to the action. The action is 



S = 



1 



{R - 2A) - PiV^'u^V t,u^ 



IQttG 

+A(u^u^ + 1)] . (Al) 

We consider the Bianchi Type I metric as an ansatz: 



ds^ = -J\P{t)dt^ + 



o2a(t) 



e-^'^+^'Ux^ 



and now the vector field can be tilted as 

""" (-r4^cosh6l(i),e-"W+2'^+(*)sinh6l(t),0,o') .(A3) 

Thus, in general, the cosmic frame is different from the 
preferred frame determined by u^ . Substituting the met- 
ric and the vector field into the action (Al), we obtain 



S = 



dt—:e^ 



where 



A 

B 

D 

E 
F 



SttG 
3 



[-Aa^ - XAf^ +B{&1+ a^_ 
+D6^ - EOea - FO^d^ 



{l + 8^G(/3i-l-3/?2 + /33)} 
{l-16^G(/3i+/53)} , 



BttG 

(3l-P4, 

2 (3/32 + /33 + /34) , 
2/3i + 9/32 + 3/33 + /34 , 

A 



SttG 



(A4) 



(A5) 

(A6) 

(A7) 
(AS) 
(A9) 

(AlO) 



By taking the variation of (A4), we obtain 



d 



A^ (e3"d) 



3Ae^" = 



(All) 
(A12) 

(A13) 



EO— (e^^d) - 2D— (e^"^) - 2Fe"^ed? = , (A14) 

where we kept up to the first order with respect to a± 
and 9. From Eq.(Al2), it turns out that the anisotropy 
decays as the universe expands. Now, we can deduce the 
master equation for the tilt 9 as 

9 + Za9+(^d^-^\\6 = Q. (A15) 



Using Eq.(All) and the definitions (A8) and (A9), we 
have 



A 



(A16) 



For the effective gravitational coupling to be positive, we 
need A > Q. Thus, (A16) tells us that the tilt 9 will 
vanish during the cosmic expansion. 

Namely, the CMB rest frame and the preferred frame 
determined by m'' are the same practically. What we did 
in this paper is to reveal what this degeneracy means in 
inflationary cosmology. 
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